The potential for human immunodeficiency virus (HIV) to enter domestic sewers via contaminated body fluids such as blood has spurred interest in the survival of this virus in water and wastewater. This study focused on establishing the inactivation of HIV and productively infected lymphocytes in dechlorinated tap water. In addition, HIV survival was compared with that of poliovirus. Results indicated that either free HIV or cell-associated HIV was rapidly inactivated, with a 90% loss of infectivity within 1 to 2 h at 25°C and a 99.9%o loss by 8 h. In comparison, poliovirus showed no loss of infectivity over 24 h. The presence of human serum in tap water slowed the rate of HIV inactivation through 8 h but did not stabilize the virus through 24 h. In addition, blood from stage IV AIDS patients was introduced into tap water, and the recovery of HIV was monitored by using both an infectivity assay and polymerase chain reaction amplification of viral sequences.
Virally infected cells were no longer detectable after 5 min in dechlorinated tap water, while little diminution in amplifiable sequences was observed over 2 h. Thus, detection of viral sequences by polymerase chain reaction technology should not be equated with risk of exposure to infectious HIV.
Human immunodeficiency virus (HIV) is recognized as an etiologic agent epidemiologically associated with AIDS (2, 10, 13) . Recognized routes of transmission include sexual contact, intravenous drug use, blood transfusion, blood exchange as a result of percutaneous injury, and infection of infants either pre-or postpartum from infected mothers (7) . Neither household contact (9, 14, 19) nor vector-borne transmission (7) of HIV has been substantiated. Nonetheless, the potential for HIV to enter domestic sewers and, in turn, environmental waters through the introduction of discarded contaminated blood has raised questions as to the survival of the virus in water.
The amount of cell-free HIV in the blood of an infected individual remains controversial. HIV has been reported at levels as high as 1,000 to 10,000 tissue culture infective doses (TCID) per ml of plasma in recently infected individuals, which drop rapidly to 1 to 2 TCID/ml within a period of 2 to 4 weeks after the initial infection (8) . During subsequent asymptomatic infection, HIV is frequently not recovered as free virus from sera, although levels of 10 to 100 TCID/ml have been reported (1, 6, 20) . During later symptomatic disease stages, cell-free virus levels in plasma can again approach 1,000 to 10,000 TCID/ml (1, 6, 12, 20) , although most patients have lower levels of viremia even in late-stage disease.
HIV is routinely recovered from infected individuals by stimulation and subsequent culture of peripheral blood mononuclear cells. The number of HIV-infected cells has been variously estimated to range from 1 in 102 to 1 in 106 depending upon the disease status of the infected individual (1, 8, 21, 22, 24) . However, the number of circulating lymphocytes actively replicating HIV may be as much as 2 orders of magnitude lower than these estimates (11, 18) .
No recovery of infectious HIV from any environmental water source has been reported. In one instance, the detection of nucleic acid sequences with homology to HIV was reported (17) These studies (3, 23) demonstrate that HIV can maintain its viability for a limited time in selected water environments. Indeed, the organic content of primary and secondary effluents does afford protection against viral inactivation. However, factors such as osmotic pressure and residual chlorine could play a role in the inactivation of viruses such as HIV when the viruses are introduced into tap water.
The purpose of the work described in this report was to evaluate the stability of cell-free HIV, lymphocytes actively replicating HIV, and poliovirus in tap water. In addition, the detection of HIV proviral DNA by polymerase chain reaction (PCR) amplification was compared with the recovery of HIV by an infectivity assay.
MATERIALS AND METHODS
Virus and cells. HIVPM213 has been described previously (5) ; it was grown and its titers were determined in the human CD4-positive T-cell line CEM (American Type Culture Collection). Cells were grown as suspension cultures in RPMI 1640 medium containing 5% fetal calf serum (FCS), 5% calf serum (CS), penicillin (100 U/ml), and streptomycin (100 Lg/ml). Poliovirus I (Chat) was grown and assayed as PFU in HeLa cell monolayers as described previously (15 Tap water osmolality, measured with a micro-osmometer (Precision Systems, Inc., Natick, Mass.), was indistinguishable from zero, while PBS osmolality was measured at 280 mosmol/lkg. HIV inactivation was monitored by adding 0.1 ml of virus inoculum to 0.9 or 4.9 ml of tap water (1:10 and 1:50 dilutions, respectively), vortexing the mixture for 10 s, and immediately removing samples for dilution into RPMI 1640 culture medium and subsequent inoculation into CEM cells as described above. Poliovirus was diluted 1:100 in tap water, resulting in an input concentration of about 106 PFU/ml.
For lymphocyte viability studies, cells were collected by centrifugation (500 x g, 5 min) and pellets were resuspended at a density of about 106 cells per ml in PBS or water. At indicated times, aliquots were removed directly into 0.2% trypan blue in Hank's balanced salt solution containing 2% CS. Total and viable cells were counted with a hemocytometer. For the isolation of cell-associated HIV from lymphocytes, samples were inoculated directly into wells containing susceptible cells or diluted appropriately in culture medium and then assayed.
Venous blood was collected from HIV-seropositive adults (Centers for Disease Control stage IV) by using sterile blood collection tubes containing lithium heparin (Sherwood Medical, St. Louis, Mo.). Volumes of blood ranging from 0.1 to 1.0 ml were added to 50-ml volumes of either PBS or dechlorinated tap water equilibrated to 25°C. At indicated times, 5-ml volumes were placed into centrifuge tubes containing 1 ml of FCS. Cells were collected by low-speed centrifugation (500 x g, 5 min). Supematant volumes were assayed in toto for HIV by the addition of 1 ml of 5 x RPMI 1640 medium and a mixture of susceptible cell lines (VB, Jurkat, and THP-1) to a density of 2 x 105/ml. After 24 h, the overlying fluid was removed and replaced with RPMI 1640 medium. Cultures were monitored for the replication of HIV as described above. PBLs collected from this same 5-ml sample were resuspended in 0.5 ml of RPMI 1640 culture medium, one-half of each volume was cocultured with donor PBLs, and the remainder was cultured with the cell mixture as described above. DNA was recovered by placing 1 ml of sample in a tube containing 0.1 ml of CS. Subsequently, total DNA was isolated by using a standard procedure of proteinase K digestion, phenol-chloroform extraction, and ethanol precipitation (25) .
PCR amplification of proviral DNA. HIV sequences within the long terminal repeat were targeted for amplification by using primers specific for nucleotides 491 to 510 and 637 to 656, resulting in a predicted product of 166 bp (primer 1, 5'-TCTCTGGCTAACTAGGGAAC; primer 2, 5'-CAGGTC CCTGTTCGGGCGCC). As a control, cellular sequences lying within exon 4 of the actin gene were also amplified with a predicted PCR product of 421 bp (primer 1, 5'-GAGACCT TCAACACCCCAGC; primer 2, 5'-AAGGCTGGAAGAGT GCCTCA). To allow visualization of amplified products, one oligonucleotide primer of each pair was end labeled with 32P by using T4 polynucleotide kinase as described in published procedures (26) .
Total cellular DNA extracted from a constant volume of PBS or water was amplified in the presence of nucleotides and Taq polymerase for 30 cycles by using a thermal cycler compared with that in tap water alone in one experiment (data not shown). In a parallel experiment, poliovirus was equally stable in both PBS and dechlorinated tap water held at room temperature (Fig. 1B) . No loss of infectivity was noted for this enteric virus over 24 h.
The fate of human cells introduced into tap water was first evaluated by using a transformed T-cell line, CEM. Upon introduction of CEM cells into tap water, cell viability was exceedingly limited. As shown in Fig. 2A , fewer than 5% of CEM cells remained viable within 5 min after introduction into tap water. In comparison, PBLs required about 15 min of exposure to reach a comparable loss (Fig. 2B) . Therefore, subsequent experiments using PBLs were conducted. As shown in Fig. 2B , the addition of 2% human serum to dechlorinated tap water did little to change the viability profile of PBLs. However, the addition of 5% serum enhanced the stability of lymphocytes, allowing the survival of about 25 to 30% of the cell population. Since PBLs from two different donors as well as pooled PBLs attributed to the unfavorable osmotic pressure of tap water in comparison with that of isotonic fluids such as PBS. In separate experiments, the osmolality of these suspending media were compared. Values for dechlorinated tap water could not be distinguished from 0; the addition of human serum at final concentrations of 2 and 5% (vol/vol) resulted in osmolality readings of 6 and 12 mosmol/kg of water, respectively. Since human plasma has an osmotic pressure of about 290 mosmol/kg, these experimental values for human serum in tap water (1:50 and 1:20 dilutions) are comparable to predicted values.
To address the fate of HIV-infected lymphocytes in water, pooled PBLs from seronegative donors were infected in vitro and then used in stability tests. As observed for uninfected lymphocytes, cell viability was rapidly lost within 15 min in tap water (Fig. 3A) . In this experiment, the presence of 2% serum slowed cell death somewhat; however, less than 10% of cells remained viable at 30 min. The reduction of viral infectivity associated with PBLs resembled the inactivation of free virus, with 10-fold loss within 1 h of tap-water exposure. By 8 h, a 100-fold loss of HIV infectivity was recorded in tap water. The presence of human serum enhanced cell-associated virus survival, with In the same experimental series, DNA was recovered from constant sample volumes at the times indicated and subjected to PCR amplification of both HIV long terminal repeat and eukaryotic actin gene sequences. All of the samples contained amplifiable DNA on the basis of actin gene detection (data not shown). In the experiment detailed in Table 1 , proviral DNA was detected when as little as 0.2% of the water volume was whole blood (i.e., 0.1 ml of blood in 50 ml of water; Fig. 4A ), with 1% (0.5 ml) and 2% (1.0 ml) concentrations yielding proportionately more amplified DNA product. However, in spite of the concomitant loss of PBL viability and HIV infectivity, no diminution of PCR product was observed between time zero and 1 h (Fig. 4B added to 50 ml of tap water. At indicated times (0
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versely Finally, the detection of HIV-related sequences by techniques such as PCR amplification in waters entering the sewage system appears to be unrelated to the presence of infectious virus. The necessity to amplify genetic sequences a millionfold or more (>20 cycles of amplification) to detect evidence of HIV would support the conclusion that the concentration of this virus was exceedingly low in environmental waters.
The potential exposure and infection of wastewater treatment plant workers by a viral agent is governed by the concentration of virus in wastewater (i.e., number of infectious particles per volume), by the route and degree of exposure of the individual relative to the transmissibility and infectious dose of the virus, and by the susceptibility of the individual to infection. Environmental risk assessment has focused historically on those parameters which can be measured or estimated within an exposed population, specifically the likely presence of an agent and the relative degree of worker contact. A plausible case for worker exposure to viruses in wastewater would be that of enteric viruses which replicate to high numbers in the gastrointestinal tract, enter and are stable in wastewater, and are transmitted by either a fecal-oral or respiratory route. However, a prospective epidemiological study evaluating such exposure in three U.S. cities failed to show any increased risk of viral infection among treatment plant workers (4) .
In contrast to enteric viruses, the replicative cycle of HIV does not introduce it directly into wastewater. Furthermore, the concentration of infectious virus is substantially lower than that of enteric viruses. Maximal levels of HIV in blood have been reported at 103 to 104 TCID/ml (1, 6, 8, 12, 20) , while enteric viruses may be shed at levels in excess of 106 to 108 TCID/ml over a period of weeks. Because of the lability of HIV, the amount of infectious virus in water or wastewater would likely be further reduced over a period of 8 to 12 h. The infectious dose of HIV in humans is not known. However, epidemiological evidence supports transmission through either sexual contact or direct blood exchange, in some cases apparently involving small amounts of infectious material (viruses and/or infected cells). To date, alternate environmental routes of infection have not been documented. Weighing these factors, it would appear that HIV poses a minimal risk to workers at treatment facilities through their occupational exposure to wastewater.
